The influence of RPC (relaxation-precipitation-controlling phase transformation) processing parameters on the microstructure was studied by thermo-simulation for a low carbon Nb and Ti containing microalloyed steel. The semi-quantitative statistic work of the packet size was carried out by the aid of optical microscope. TEM, EBSD and SEM were applied to investigate the microstructure refinement, precipitation, the evolution of crystal defects configuration and their interaction during the relaxation. The results demonstrate that the steel is composed of ultra-fine bainite/martensite composite microstructure, and the microstructure could be refined markedly by RPC processing. The best thermo-simulation process for refinement in this experiment is deformation by 30 % at 850°C, and then relaxing at this temperature for 60 to 200 s. Increasing the reduction ratio from 30 to 60 % or decreasing the deformation temperature to 800°C would cause the optimized relaxation time to become shorter, and increasing the deformation temperature to 900°C would cause the refinement effect to be weaker. It is also indicated that the nucleation, growing and coarsening of precipitates, and the dislocations polygonizing occur during the relaxation. Both two processes could be helpful to refine the intermediate transformation microstructure, and when these two processes corporate and promote each other, the optimized processing is obtained.
Introduction
Many researches are focused on the development of new generation steels with high strength, good toughness, and low cost, energy saving all over the world, and in China high strength plate steels with less micro-alloy addition have been rather recognized and demanded. [1] [2] [3] [4] Therefore how to reach the higher strength by improving production processing has aroused people's interests. It is well known that among the vast strengthening methods the grain refinement is the only method to improve both strength and toughness simultaneously. Consequently, most attempts have been made to refine the microstructure of steels, and some early works have found that new developing RPC (relaxation-precipitation-controlling phase transformation) technique is an efficient process to obtain ultra-fine martensite/bainite composite microstructure with micron size (as shown in Fig. 1) . [5] [6] [7] [8] [9] [10] This technique includes micro-alloying design, two stages controlled rolling, relaxing and accelerated cooling/direct quenching. By this technique the strength could be increased about 25-30 % comparing with the same composition steel processed by re-quenched and tempered treatment. 5) However, in the new developed RPC processing there is a relaxation stage between two-stage controlled rolling and the accelerated cooling, and up to now there is no special report to analyze the stage. It is well known that the TMCPϩdirect quenching/accelerated cooling processing has been widely used in the production of HSLA steels. Although only a few papers mentioned the delay process between the controlled rolling and the accelerated cooling, and the focus of these papers are different. For example Taylor's paper 11, 12) mentioned that in actual experiment processing there is a delay time between the final rolling and the accelerated cooling, and this delay perhaps could affect the microstructure of steel. Nabou's paper 13) shows that the delay before the accelerated cooling will affect the hardenability of boron-bearing steels. Tomoya 2) pointed that during the delay time after deformation to quenching the recrystllization of austenite and boride precipitating will affect the hardenability of the steel without niobium. Rodrigues 14) indicated that the microstructure constituent would vary when the steel was air cooled to temperature lower than Ar 3 and then accelerated cooled. Almost none of them are focused on the physical metallurgical phenomenon of non-recrystallized austenite at the air-cooling stage after final rolling and its influence on transformation behavior during the cooling. More over there is no report to obtain the ultra-fine intermediate transformation microstructure by controlling the structure change of deformed austenite at the relaxation.
In this paper, the influences of the RPC process parameters on the refinement of the microstructure were studied by thermo-simulation in order to obtain the best processing condition for actual rolling schedule, and to understand the cause of grain refinement imparted by the RPC technique.
Experimental Materials and Methods

Experimental Materials
The experimental steel was melted in a 25 kg vacuum induction furnace and cast into ingots of 100 mm diameter. These ingots were subsequently forged to (14 mm bars following soaking at 1 200°C for 2 h, and then machined to f8ϫ12 mm samples for thermo-simulation test. Besides, a Fe-40 %Ni-Nb-B alloy was employed, which can retain the austenitic structure to room temperature upon quenching to show the variation of defects configuration and precipitation behavior during the relaxation process. The composition of steel is shown in Table 1 .
Experimental Methods
The thermo-simulation process covers: the samples were reheated to 1 250°C, thermally held for 20 min, cooled to different temperature (800°C, 850°C or 900°C) at 2°C/s, held for 1 min, and then deformed 30 % or 60 %. After that the samples were relaxed isothermally for different time and water-quenched. The recrystallization experiment result shows that this niobium-boron bearing steel will not recrystallize at a very long time after deformation at 900°C. 15, 16) The deformed austenite grain size of specimens by thermo-simulation is larger than those by actual twostage controlled rolling in order to understand easily the cause of grain refinement imparted by the RPC technique. The TEM specimens were taken from the transverse section of the thermo-simulated samples, thin films were prepared by double jet polish. The specimen for light microscope observation was also prepared across the sample axis, and it was etched by 0.5 % nital. A Fe-40 %Ni specimen was polished and etched for studying the misorientation of the subgrains by EBSD.
Experimental Results
Influence of Relaxing Time on the Microstructure
After being reheated and soaked, the austenite grain size of specimens would be about 300 mm. 200 s and (e) 1 000 s respectively. It can be seen that the typical microstructure of specimens are lath bainite (a°B) with a little of martensite. A prior-austenite grain was divided into several regions, in each region the laths were almost align in the same direction and such a region is called a packet. In Figs. 2(a) to 2(e), it can be found that for the specimen that does not relax after deformation ( Fig. 2(a) ), the packet size is very large and the laths are longer and almost penetrate through an austenite grain. When the sample was relaxed for 30 to 200 s, the packet size decreases obviously (as shown in Figs. 2(b) to (d)). In Fig. 2(b) , it was relaxed for 30 s, the packet size is not homogeneous, apart from large packets, and there are some fine packets. When relaxed for 200 s, the packet size reaches a minimum value and the size is much more homogeneous comparing with other conditions. When the relaxation time is prolonged to 1 000 s, Fig. 2 (e) shows that the packet size is increased again. As a result, it can be concluded that the relaxation process could influence the size of intermediate transformation structure, the relaxation time is a very important factor to obtain a fine microstructure and high performance bainitic/martensitic steel.
Influence of RPC Processing on the Bainitic Packets Size
The steel after different RPC processing is composed of similar microstructure constituents that mainly are lath bainite. With a certain relaxation the bainite can be refined markedly and at a certain relaxing time the packet size reaches a minimum value. After different processing the optimum relaxing time to obtain shortest packets and the refinement effect are various. In order to investigate the influence of processing parameters on the packets size and relevant refinement effect, the statistic result of packet size under different RPC processing was obtained. During measuring the length of a packet is defined as the maximum length aligning the parallel laths direction and the width of a packet is defined as the maximum value across the laths. The average length or width for each sample is calculated. The plots of packets length and width for each RPC process condition as a function of relaxing time are shown in Figs. 3(a) and 3(b) respectively.
The histogram showing the distribution of (a) packet length, (b) packet width is illustrated in Fig. 4 when the samples are relaxed for various time after deformation 30 % at 850°C.
From Fig. 3 it can be seen that after various RPC processing the length and width of bainite packets vary with the relaxing time in a similar trend. In no relaxing specimens the packet is longest, and the size decreases and reaches a minimum value with the relaxing time increasing, but when the relaxing time is longer than a certain range, the packet would be coarsened. Figure 4 shows that after short time (30 s) relaxing the packet size is disperse and besides coarse packets there are a little fine bainite packets. When the relaxing time increases to 200 s the bainite packets have a small size homogeneously, so the bainite microstructure is refined remarkably. From Fig. 3 it can also be drawn that the best relaxing time for optimum refinement varies with the RPC processing parameters such as the reduction ratio, the deformation temperature. For the sample deformed by 30 % at 850°C, the best relaxing time is 200 s; decreasing the deformation temperature to 800°C or increasing the reduction ratio to 60 % would benefit the refinement of non-relaxing samples, and the best relaxing time would be shortened to 60 s. When the deformation temperature increases to 900°C, although there is a little harmful effect to the refinement, it also could get a relative fine packet size at 60 s relaxing condition. In general, following the above four processes, when there is no relaxing, the packet sizes are much more coarse; when the samples are relaxed for 30 s or 60 s, the refinement effect of four processes is almost same, but while the relaxing time is prolonged to 200 s, the refinement effects for the four processes are different; relaxing for 1 000 s, the packet sizes have a tendency to be coarsened again. From the synergistic refining effect, the sample with 60-200 s relaxing after 30 % deformation at 850°C has the uniform packets of 50-70 mm, which is about one sixth size of no relaxing sample.
Typical Refined Microstructures
SEM was applied to investigate the refined bainitic microstructure under various processes. Figure 5 gives the typical SEM micrographs under different conditions. Figure  5 (a) shows when the sample didn't undergo relaxing the bainite packet is coarse and the bainite lath almost penetrates through the prior austenite grain and there is no prominent refining effect. As can be seen from Fig. 5(b) , after 200 s relaxing at 850°C the bainite was refined distinctly, and the bainite packets cross and separate each other. Moreover the packet has a regular polygonal shape. Figure 5(c) indicates that when the sample is relaxed for 200 s at 800°C, the bainite packet has smaller size too and the granular bainite (or acicular ferrite ) is more than Fig. 5  (b) . It seems that the lath bainite is blocked by the granular bainite. Figure 5(d) demonstrates the lath bainite separate each other evidently and the bainite lath is curly when the sample is deformed 60 % at 850°C and relaxed isothermally 30 s.
Discussion
From Fig. 5 it can be concluded that after a certain time relaxation the microstructure can be refined in two ways: 1) lath bainite packets cross and separate each other and these packets has clear boundary. It means that these packets are confined within some regular boundaries (which will be discussed in the following) during their growth. 2) The lath bainite packet was blocked by the granular bainite (or acicular ferrite) formed in advance, since the forming temperature of granular bainite is higher than that of lath bainite, during the growth of succeeding lath bainite they will be blocked and refined by the granular bainite. In order to understand the possible causes for these two refinement effects, the variation of dislocation configuration and the precipitation behavior of fine precipitates in deformed austenite during the relaxation were investigated. Figure 6 demonstrates the evolution of dislocation configuration during the relaxation which using a Fe-Ni alloy after the same deformation and relaxation. Figure 6(a) shows in no relaxed specimen at 900°C, the dislocation density is very high and they are distributed confusedly. After relaxing for 60 s it can be found from Figs. 6 (b) and 6(c) that the dislocation cell formed evidently and in these cells the dislocation density decreased markedly, the dislocation cells is different in their size. Figure 6(c) shows the cell wall is composed of dislocation networks, and near the wall there is interacting and interweaving of dislocations. Within these cells a few fine precipitates is visible but their density is lower. From Figs. 6(d) and 6 (e) it can be found that when relaxed for 1 000 s the dislocation cells are clear in their shape and they have uniform size over 15 mm. quenched. Figure 7 (a) shows that in no relaxing sample, apart from some large-angle prior austenite boundaries there is no small-angle subgrain boundary basically. When the specimen is relaxed for 60 s, it can be found from Fig.  7 (b) that within several austenite grain and near the boundaries area, some substructure appear, the misorientation is between 3°to 15°. With the relaxing time increasing, in the specimen relaxed for 200 s a prior austenite is divided into numbers of subgrains uniformly and each subgrain is nearly a polygon. The large angle boundaries shown in this map are prior-austenite boundaries. The misorientation of these sub-structures is between 3°to 15°. Consequently during the relaxation high density of dislocation induced by deformation will be recovered and there are a lot of complete sub-structures formed with a certain misorientation.
The Variation of Dislocation Configuration in Deformed Austenite during the Relaxation
(Nb, Ti)(C, N, B) Precipitation during the Relaxation
The TEM micrographs of samples relaxed for various times after a deformation of 30 % at 850°C are shown in Figs. 8(a) to 8(c) . It can be seen that, for the no relaxing specimen (Fig. 8(a) ), there is no precipitates exist in the matrix basically. After relaxing for 30 s, there are some fine precipitates along the dislocation network (Fig. 8(b) ). When relaxed for 200 s, a lot of precipitates appear, and they are quite coarse. According to the relevant research, 8) these precipitates are Nb, Ti carbonitride and these strain induced precipitates formed most quickly when the samples are deformed and relaxed at 850°C.
The Possible Causes for the Refinement of Typical
Microstructure In this experiment, since the steel contains Nb, Ti and B, So, during the relaxation period the Nb, Ti would be precipitated in the form of (Nb, Ti)(C, N, B), this is in coincidence with strain induced precipitation results of similar steels. 8) These fine precipitates would be the preferential nucleation sites for the new phase, meanwhile, the formation of (Nb,Ti)(C N B) precipitates can cause the carbon depleted in the matrix nearby the precipitates, and this will reduce the austenite stability. So during the cooling a great deal of granular bainite will nucleate by preference inside the grain, and the lath bainite formed in succeeding will be hindered by the granular bainite in existence before and become finer, this is in coincidence with Fig. 5(c) . On the other hand, during the relaxation high density of dislocation induced by deformation will be recovered and the polygonal dislocation cells will form, and there are a lot of fine precipitates at the boundaries of substructures. So during the cooling the transformed lath bainite will be blocked by the boundaries of these polygonal substructures and be confined within a substructure, so the lath bainite packet will have a marked and regular polygonal shapes, as shown in Fig. 5(b) . It seems that the stable substructure and (Nb, Ti)(C, N, B) formed during the relaxation are the main causes for the refinement of bainite.
The Difference of Bainite Refinement Ability by
Different Process Since the stable substructure and (Nb, Ti)(C, N, B) formed during the relaxation are the main causes for the refinement of bainite, these two processes vary and interact each other to result in the difference of refinement ability by various processes. The TEM image of dislocation configuration and precipitates for specimen by optimum process is shown in Fig. 9 . It can be seen from Fig. 9 (a) that after 60 s relaxing the substructure have not developed into perfect polygonal cell, and in the matrix the dislocation density is still high. According to Yang, 9) when steels are relaxed 200 s at 850°C after 30 % deformation (Fig. 9(b) ), polygonal dislocation network structure is rather complete. These cell walls are composed of interweaving dislocation network, and a large number of precipitates appear in cells and at cell walls, and these precipitates pin the dislocation cells wall effectively and make the substructures stable. It seems that the (Nb, Ti)(C, N, B) precipitated during the relaxation not only promote the formation of granular bainite and refine the lath bainite but also it can make the polygonal dislocation cells more stable and enhance their ability of hindering the growth of lath bainite. At the same time these dislocation networks will be preferential nucleation sites for precipitates and enhance the refinement effect by the carbonitride precipitation. If these two refining effect can cooperate and promote each other the refinement ability is the best. When the temperature increases to 900°C precipitation process is delayed, and the amount of precipitates decrease obviously, so the effect of refining is mainly attributed to the hindering new phase growing by polygonal dislocation cell. On the other hand due to the quick recovering and polygonizing of high temperature dislocation the corresponding optimum relaxing time is shorter. However under this condition the precipitation speed is not comparable with the dislocation recovering and polygonizing rate, and the precipitate cannot pin the dislocation cells effectively, so this will cause the refining effect to be weak. When the strain is increased from 30 to 60 %, because the precipitation and dislocation recovery are accelerated simultaneously, it is easy to understand why the optimum relaxing time become shorter. However due to the speedy recovering and precipitating process, the refining effect would become weaker quickly as the relaxing time increases. In a word, at the thermo-simulation test used in this paper only the steel are isothermally held for 60-200 s after deformation 30 % at 850°C, dislocation recovering speed is comparable well with the strain induced precipitation rate, and these two refining mechanisms cooperate and promote each other, and the optimum processing could be obtained.
Relevant semi-industrialized experimental result shows that due to the variation of deformation condition and austenite grain size, the optimum process and the optimum refining effect is different with the thermo-simulation. But the law of refinement by the relaxation is similar.
Conclusions
(1) By RPC process, the intermediate transformation microstructure could be refined markedly, the refinement effect depends on the relaxing time. Relaxing for a certain time the refinement would be most effective.
(2) The RPC process parameter influences the refining ability. In this thermo-simulated experiment, deformation 30 % at 850°C and relaxing isothermally for 60-200 s could have a best refinement effect. Increasing or decreasing deformation temperature and increasing reduction ratio would also influence the refinement effect.
(3) During the relaxation, the dislocation recovering and polygonizing occur, and the polygonal dislocation cells with large misorientation appear, meanwhile NbTi carbonitride precipitation takes place. These two mechanisms are both helpful to refine microstructure and when they cooperate and promote each other the optimum refinement result could be obtained.
